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COPPER WIRE TABLES

PART 1. HISTORICAL AND EXPLANATORY

L INTRODUCTION

1. STANDARD VALUES FOR RESISTIVITY AND TEMPERATURE COEFFICIENT OF
COPPER

Copper wire tables are based on certain standard values for the con-

ductivity or resistivity and the temperatiu'e coefficient of resistance of

copper. ^ WTien accuracy is important, the electrical engineer does not

consult the wire table, but makes actual measurements of the resistivity

of samples of the copper used. Frequently the resulting conductivity is

expressed in per cent of the standard value assumed for conductivity.

Per cent conductivity is meaningless without a knowledge of the standard

value assumed, unless the same standard value is in use everywhere. But
the standard value was not formerly the same everywhere, as may be

seen by inspection of Table I, page 35, and confusion in the expression of

per cent conductivity has accordingly resulted. The temperature coeffi-

cient of resistance is usually assumed as some fixed standard value, but the

standard value was not formerly the same everywhere, and results reduced

from one temperatiu'e to another have accordingly been uncertain when
the temperature coefficient assumed was not stated. These conditions led

the Standards Committee of the American Institute of Electrical Engineers

to request the Bureau of Standards to make an investigation of the subject.

This was done and resulted in the establishment of standard values based

on measurements of a large number of representative samples of copper

—

values which in certain respects ate more satisfactory than any preceding

standard values. The investigation is described below. This investigation

finally led to the adoption of an international copper standard by the

International Electrotechnical Commission.

Table I gives a number of the most important standard values that have

been in use. (See p. 39 for the table and p. 27 for a short explanation of the

table.) The resistivity is uniformly given in terms of the resistance in

ohms of a uniform wire i meter long weighing a gram. This unit of mass
resistivity is conveniently designated for brevity as ohms (meter, gram).

The density is also given, through which the volume resistivity may be

s
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obtained, so that resistance may be calculated from dimensions. All the

standard values given are for annealed copper. The units of resistivity are

discussed in Appendix I, p. 60.

The values formerly used in England, column i, are those defined

by the Engineering Standards Committee of the (British) Institution of

Electrical Engineers in a report of August, 1904, also revised and reissued

in March, 1910. The value of resistivity, 0.1508 ohm (meter, gram) at

60° F, or 15.6° C, "is taken as the Engineering Standards Committee

(E. S. C.) standard for annealed high conductivity commercial copper."

This value was based on results obtained by Matthiessen ' in 1862 on sup-

posedly pure copper. It does not actually represent Matthiessen's res-alts,

however, because it was calculated by the use of a ratio of resistivity of

hard-dra\vn to annealed copper = i .020, which value was not given by
Matthiessen. The temperature coefficient of 0.002 38 per degree F was

"adopted for commercial purposes." This is equivalent to 0.004 28 per

degree C at 0° C. This value was based on the measurements of Clark,

Ford, and Taylor ^ in 1899 and happens also to be the same as that deter-

mined by Dewar and Fleming^ in 1893. The density was taken to be

555 pounds per cubic foot at 60° F or 8.89 grams per cubic centimeter

at 15.6° C.

The former German copper standards (column 2) were established by

the Verband Deutscher Elektrotechniker.* Standard copper, "Normal
Kupfer," was defined to be that whose conductivity amounts to 60 (con-

ductivity is taken to be the reciprocal of the volume resistivity expressed in

ohms for a meter length and square millimeter cross section at 15° C). The

density to be assumed when it is not actually determined was given as 8.91.

The temperature coefficient of resistance was taken to be 0.004 ^t 15° C.

Using these values, the resistivity in ohms (meter, gram) was calculated,

and given in column 2. In order to facilitate comparison of these values

with the other standard values, the data were also reduced to mass resis-

tivity using the density, 8.89, and these results are given in column 3.

These German copper standards have been in use also in Austria.

The results of Matthiessen ^ have been used more than any others here-

tofore in the establishment of standard values for the resistivity and

temperattire coefficient of copper. The ambiguities in the form in which

these results were originally stated have caused disagreements in the

> Phil. Trans.. 162, p. l: 1863. Poee. Ann.. 116, p. 3Sj; 1861. Reportof Brit. Ass., p. 36s: 1864- Phil. Mag., 29, p. 361;

^ London Elec. 42, p. ;8^; 1899. EIcc. World and Ens-. 83, p. 516; 1899: and SS, p. 389; 1900.

' Phil. Mas. 88. P 371: 1893.

* "Normalien Vorschriften und L«itsatzc," p. 68; 1907. E. T. Zs., 17, p. 40a: 1896.

• See note i.
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standard values based on them. Matthiessen originally expressed the

conductivity as a percentage of the conductivity of piu-e silver and later

gave an interpretation of this in B. A. ohms (meter, gram) for a hard-

drawn wire. Later authorities have fotmd varying results in reducing this

to international ohms for annealed copper at various temperatures.

Accordingly the term "Matthiessen Standard" has not a universally fixed

significance. The Matthiessen value is not in use in Germany, but it has

been computed by Prof. Lindeck," of the Physikalisch-Technische Reich-

sanstalt, for 15° C. His result is 1.687 microhm-cm at 15° C. This has

been reduced to ohms (meter, gram) at various temperatiu^es, and given in

column 4, assuming the density 8.89, and assuming " Matthiessen's tem-

perature formula," viz, that given' by Matthiessen and von Bose in 1862.

The temperature formula of Matthiessen has been used in the past

probably more than any other. The undesirability of using it is clear, for

a number of reasons. It employs two terms, the first and second powers

of temperature, while all work done up to the present for moderate tem-

perature ranges is expressed with sufficient accuracy for practical purposes

by a linear formula. It is given in terms of conductivity instead of resist-

ance. Various persons have computed the equivalent formula in terms of

resistance and some have carried out their formulas ' to the fifth power
of temperature. In either form the formula is far from being a conven-

ient one. Furthermore, the many digits of Matthiessen's coefficients are

without significance, the first, 0.003 870 i, being the mean of a number of

values ranging from 0.003 735 i to 0.003 995 4. and similarly for the second.

The copper standards adopted by the American Institute of Electrical

Engineers " in 1893 were based upon the results of Matthiessen and are given

in coltunn 5. The resistivity of annealed copper was given as 0.141 729
international ohm (meter, gram) at o°C,and Matthiessen's temperature for-

mula was adopted. A wire table based on these standards was published

at the same time. In the calculation of the values the following constants

were used: Density = 8.89, ratio of resistivity of hard-drawn to annealed

copper = 1.0226, one B. A. unit =0.9866 international ohm.

In the 1907 Standardization Rules, Matthiessen's temperature formula

was dropped by the A. I. E. E. and the linear temperature coefficient of

0.0042 at 0° C was adopted (column 6). This temperature coefficient was
an average value of more than 100 determinations made in the laboratories

• C. Hering, "Conversion Tables." p. 104 (published by John Wiley & Sons. N. Y., 1904.)

' Phil. Trans.. 182, p. i; j86j. Poeg. Ann., 116, p. 353; 1S61.

» Kennelly and Fessenden: Physical Review. 1, p. a6o; 1893. F. B. Crocker: London Elec., 68, p. 968; 1907. B. T.
Glazebroolc; London Elec.. 69, p. 6s: 1907.

• Trans. A. I. E. E., 10, supplement, Oct., 1893.
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of the General Electric Co. Since December, 1908, the Institute has issued

its old wire table with a footnote stating that the values are consequently

vitiated for temperatures other than 0° C. Both the old and the new
A. I. E. E. values for the resistivity at 20° C have been in use in this

country, and as these differed by 0.4 per cent, the difference was commercially

important.

The values given in column 7 are those which were adopted by the

Bureau of Standards and the American Institute of Electrical Engineers,

and used during 191 1, as a result of the investigations made at the Bureau.

The International Annealed Copper Standard, given in column 8, is also

based substantially on the work done at the Bureau. It was formally

adopted at Berlin in September, 191 3, by the International Electrotechnicai

Commission. It is to be noted that the temperature coefficients in columns 7

and 8 apply only to copper of the standard resistivity. The temperature

coefficient of copper of different resistivities is given by the simple law of

proportionality, discussed below. The wire tables in this circular are based

on the values in column 8.

2. THE BASIS OF THE PRESENT TABLES—THE "INTERNATIONAL ANNEALED
COPPER STANDARD"

(a) OBJECT OP THE BUREAU OF STANDARDS INVESTIGATIONS

The foregoing discussion makes evident the need which existed for data

to be used in establishing reliable standard values. The differences in the

old standard values for resistivity and for the temperature coefficient

resulted in confusion. Apart from this, the assumption of a value for the

temperature coefficient was particularly objectionable. For, since there

is no good a priori reason for assuming that the temperature coefficient

is the same for all samples of copper, the practice in the past of using a con-

stant temperature coefficient for samples whose resistivity was known
to vary, was not justified. The main objects of the investigation at the

Bvireau of Standards were, then, (i) to find whether the temperature coeffi-

cient of different samples varies, and if so to find whether there is any sim-

ple relation between the resistivity and the temperature coefficient, and (2)

to determine a reliable average value for the resistivity of commercial

copper. The results of the investigation were presented in two papers

in volume 7, No. i, of the Bulletin of the Bureau of 'Standards: "The
Temperature Coefficient of Resistance of Copper," and "The Electrical

Conductivity of Commercial Copper" (abstracts of which were given in

Proc. A. I. E. E., 29, p. 1995 and p. 1981 ; Dec, 1910). The results of the

investigation and of the subsequent endeavor to establish international

standard values are briefly summarized here.
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(b) RESISTIVITY OF ANNEALED COPPER

For annealed samples representing the copper of 14 important refiners

and wire manufacturers, measured at the Bureau of Standards, the mean
results were:

Resistivity in ohms (meter, gram) at 20° C =0.152 92.

The average deviation of the results from the various sources of samples

from these means was 0.26 per cent.

The results of a large collection of data were also put at the disposal

of the Bureau by the American Brass Co. For samples representing more
than 100 000 000 pounds of wire bar copper, the mean results were:

Resistivity, in ohms (meter, gram) at 20° €=0.152 63.

Both of these mean values of mas? resistivity differ from the formerly

used standard value, 0.153 022 ohms (meter, gram), by less than 0.26 per

cent, which is the above average deviation from the mean. It was there-

fore concluded that it would be best to continue the use of said standard

value for the mass resistivity of annealed copper, in the preparation of

wire tables and in the expression of percent conductivity, etc. Accord-

ingly, the formerly used standard resistivity at 20° C, together with the

temperature coefficient determined in the investigation (giving the values

tabulated in column 7, p. 39), were adopted and used as standard by the

Bureau and by the American Institute of Electrical Engineers for a year or

more. The results of the investigation were put before the engineers of

other countries, and an endeavor was made to have an international value

adopted. A proposal from Germany of a value differing slightly from
the former American standard value was considered a suitable basis for an
international standard, and the proposed value was finally adopted by the

International Electrotechnical Commission in 191 3. The new value is to

be known as the International Annealed Copper Standard,'" and is equiva-

lent to

0.15328 ohm (meter, gram) at 20° C,

This resistivity is one-sixth per cent greater than the former American
standard value (column 7, p. 39), and is one-third per cent greater than

0.15278, the mean of the experimental values published by the Bureau of

Standards, and just given in the preceding paragraph. The International

Annealed Copper Standard can therefore be considered as fairly representa-

'0 This name is us«d to indicate either the international resistivity in particular, or the whole set of values including
temperature coefficient and density.
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tive of average commercial copper. One of the advantages of this particular

value is that in terms of conductivity it is an exact round number, viz,

58. ^— (meter, mm^) at 20° C.

The units of mass resistivity and volume resistivity are interrelated through

the density; this was taken as 8.89 grams per cm' at 20° C, by the Inter-

national Electrotechnical Commission. The International Annealed Copper

Standard, in various vmits of mass resistivity and volume resistivity, is:

0.15328 ohm (meter, gram) at 20° C,

875.20 ohms (mile, pound)" at 20° C,

0.017241 ohm (meter, mm ^) at 20° C,

1.7241 microhm-cm at 20° C,

0.67879 microhm-inch at 20° C,

10.371 ohms (mil, foot) at 20° C.

In connection with the investigation made at the Bureau, a number of

the companies who furnished samples of copper made chemical analyses.

As a result of analyses of about 40 samples, the following is given as a fair

average of the chemical content of commercial copper:
Per cent

Copper 99-91

Silver 03

Oxygen 052

Arsenic 002

Antimony 002

Sulphur 002

Iron 002

Nickel Trace.

Lead Trace.

Zinc Trace.

(c) THE TEMPERArnRE COEFFICIENT OF RESISTANCE OF COPPER

While a standard resistivity is properly decided arbitrarily, the value

of the temperature coefficient is a matter for experiment to decide. The
Biireau of Standards' investigation of the temperature coefficient showed

that there are variations of the temperature coefficient with different samples,

but that the relation of conductivity to temperature coefficient is substan-

tially a simple proportionality. This relation is in corroboration of the

results of Matthiessen " and others for differences in conductivity due to

chemical differences in samples ; but this investigation showed that it holds

also and with greater precision for physical differences, such as those caused

" The tenn "ohms (mile, pound)*' is exactly equivalent to "pounds per mile-ohm." which is sometimes used. Either

term nieans the product of ohms per mile into pounds per mile. "Ohms (mile, pound) " is chosen here, because of its

osftement in form with "ohms (meter, gram)."

"Matthiessen and Vogt: Phil. Trans., IM. p. 167; 1864.
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1

by annealing or hard-drawing. Further e\'idence in regard to this relation

has been obtained from the Physikalisch-Technische Reichsanstalt, of Ger-

many. The results of tests at that institution show this relation for a wide

range of conductivity, and the mean values agree well with those obtained

at the Bureau of Standards. Some data have ?Jso been published by Prof.

Lindeck," of the Reichsanstalt, tending to show that the proportional rela-

tion holds also, but only roughly, for aluminum and for iron. The results

obtained at the Bureau of Standards showed that, for copper samples of

conductivity above 94 per cent, the actual temperatxire coefficients agreed

with the values calculated from the conductivities within 0.000 01, i. e.,

about 0.3 per cent since the coefficients are of the order of 0.003 9- Tests

made in 191 3 by Mr. Geo. L. Heath, chief chemist of the Calumet & Hecla

Smelting Works, showed that the law of proportionality holds over a much
wider range of conductivity. He found that for 19 samples of cast copper

whose only impurity was arsenic (besides the usual trace of oxygen) , and
whose conductivity ranged from 94 to 30 per cent, the actual temperature

coefficients agreed with the values calculated from the conductivities within

0.000 I. The general law, then, may be expressed in the form of the follow-

ing practical rule: The 20° C temperature coefficient of a sample of copper is

given by multiplying the number expressing the percent conductivity by 0.003 93-

The practical importance of this relation is evident, for it gives the tempera-

ture coefficient of any sample when the conductivity is known. Thus, the

temperature coefficient for the range of conductivity of commercial copper

may be exhibited by Table II, p. 40. Also, there are sometimes cases when
the temperature coefficient is more easily measured than the conductivity,

and the conductivity can be computed from the measured temperattu'e co-

efficient. (The value, 0.003 93. is slightly different from the value given in

Vol. 7, No. I, of the Bureau Bulletin. This diflFerence is necessitated by the

change to a new standard of resistivity.)

Cases sometimes arise in practice where a temperature coefficient of

resistance must be assumed. It may be concluded from the foregoing

results that the best value to assume for the temperature coefficient of good
commercial annealed copper wire is that corresponding to 100 per cent

conductivity, viz:

«„ = 0.004 27, aj5 = 0.004 01, ar2o = 0-003 93, 0-25 = 0.003 85

I «2a=
'

'°, ,etc. 1. This value was adopted as standard by the Inter-

national Electrotechnical Commission in 191 3. It would usually apply to

instruments and machines, since they are generally wound with annealed

u Verhand. d. Dcut. Phys. Gcsell., IS. p. 6s: 1911.
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wire. It might be expected that the winding would reduce the temperature

coefficient. But experiment has shown that distortions such as those

caused by winding and ordinary handling do not affect the temperature

coefficient, although they do affect the resistance.

Similarly, when assumption is unavoidable, the temperature coefficient

of good commercial hard-drawn copper wire may be taken as that corre-

sponding to a conductivity of 97.3 per cent, viz:

«0 =0.004 14. «i5 =0.003 90, ^20 =0.003 82, «25 =0.003 75-

The change of resistivity per degree may be readily calculated, as shown
in Appendix II, page 65, taking account of the expansion of the metal with

rise of temperature. The proportional relation between temperature coef-

ficient and conductivity may be put in the following remarkably convenient

form for reducing resistivity from one temperature to another: The change

of resistivity of copper per degree C is a constant, independent of the tempera-

ture of reference and of the sample of copper. This "resistivity-temperature

constant" may he taken, for general purposes, as 0.00060 ohm {meter, gram),

or 0.0068 microhm—cm. More exactly (see p. 66), it is:

0.000 597 ohm (meter, gram)

or, 0.000 0681 ohm (meter, mm^)
or, 0.006 81 microhm—cm
or, 3.41 ohms (mile, pound)

or, 0.002 68 microhm—inch

or, 0.0409 ohm (mil, foot)

(d) CALCULATION OF PERCENT CONDUCTIVITY

The percent conductivity of a sample of copper is calculated by dividing

the resistivity of the International Annealed Copper Standard at 20° C by the

resistivity of the sample at 20° C. Either the mass resistivity or volume
resistivity may be used. (See last paragraph on p. 64.) Inasmuch as the

temperature coefficient of copper varies with the conductivity, it is to be noted

that a different value will be found if the resistivity at some other temperature

is used. This difference is of practical moment in some cases. For example,

suppose the resistivity of a sample of copper is 0.1597 ^t 20° C; dividing

0.15328 by this, the percent conductivity is 96.0 per cent. Now the cor-

responding 0° C resistivity of the sample is 0.1478; dividing 0.1413 by
this, the percent conductivity is calculated to be 95.6 per cent. In order

that such differences shall not arise, the 20° C value of resistivity should

always be used in computing the percent conductivity of copper. When
the resistivity of the sample is known at some other temperatiu-e, /, it is
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very simply reduced to 20° C by adding the quantity, {20-t) multiplied by
the "resistivity-temperature constant," given above.

(e) DENSrrT OF COPPER

WTien it is desired to calculate the resistance of wires from dimensions,

as in the calculation of wire tables, it is necessary' that a density be given,

in addition to the mass resistivity. The international standard density for

copper, at 20° C, is 8.8g grams per cubic centimeter. This is the value which

has been used by the A. I. E. E. and most other authorities in the past.

Recent measurements have indicated this value as a mean. (See Appen-
dix III, p. 67.) This density, 8.89, at 20° C, corresponds to a density of 8.90

at 0° C. In English units, the density at 20° 0=0.321 17 poimds per

cubic inch.

(I) RESisrrvrTY op hard-drawn copper wires

It was found that in general the resistivity of hard-drawn wires varies

with the size of the wire, while the resistivity of annealed wires does not.

The experimental evidence obtained was limited, but it showed, as was
to be expected, that the difference between the resistivity of annealed

and hard-drawn wires increases as the diameter of the wire decreases.

This general conclusion is, however, complicated in any particular case by
the particular practice of the wire drawer in regard to the number of drawings

between annealings, amount of reduction to each drawing, etc. For No.

12 A. W. G. (B. & S.), the conductivity of hard-drawn vvires was found

to be less than the conductivity of annealed wires by 2.7 per cent.

(g) THE moHEST coNDncxrvrrY found

The lowest resistivity and highest conductivity found for a hard-

arawn wire were:

Resistivity in ohms (meter, gram) at 20° C = 0.153 86

Per cent conductivity = 99.62%
and for an annealed wire were

:

Resistivity in ohms (meter, gram) at 20° C = 0.150 45
Per cent conductivity = 101.88%

The former was a No. 12 wire, drawn from a cathode plate without

melting. The latter wire was drawn directly from a mass of native lake

copper which had never been melted down.

(h) ALDMINtTM

On account of the commercial importance of aluminum as a conductor

some investigation was made of that metal. The Aluminum Co. of Amer-
ica furnished a figure representing the mean conductivity of its output of
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all sizes of wire for five years past. As the figure is the result of many
thousands of '. -iparpte determinations, it is of great value. A volume re-

sistivity of 2. 28 microhm—cm, and a density of 2.70, may be considered to

be good average values for commercial hard-drawn aluminum. These values

give:

Mass resistivity, in ohms (meter, gram) at 20° C =0. 0764

Mass resistivity, in ohms (mile, pound) at 20° C =436.

Mass percent conductivity , =200.7%
Volume resistivity, in microhm—cm at 20° C = 2. 828

Volume resistivity, in microhm—inch at 20° C = i- 113

Volume percent conductivity = 61.0%
Density, in grams per cubic centimeter = 2. 70

Density, in poimds per cubic inch = o. 0975

The same company furnished the results of analyses of seven repre-

sentative samples of aluminum, of which the average was:
Per cent.

Aluminum 99-57
Silicon '.

2g

Iron 14

No extensive measurements are known to have been made, giving the

average temperatixre coefficient of resistance of commercial hard-drawn

aluminum; but from the experience of the Bureau a reliable approximate

value can be given, viz, 0.0039 at 20° C.

3. STATUS OF THE INTERNATIONAL ANNEALED COPPER STANDARD

Ever since the American Institute of Electrical Engineers adopted the

temperature coefficient, 0.0042 at 0° C, which vitiated the old wire table,

the need for a new table was felt; and a recomputation of the old one had

been under consideration. The need of more modem and representative

data upon which to base the table had, however, been recognized, and, as

stated above, the Bureau of Standards Avas requested to secure such data.

The work was done in the first half of 1910, and reports of the investigations

were presented to the Standards Committee of the Institute. At its meet-

ing of October 14, 1910, that committee requested the Bureau of Standards

to prepare copper wire tables based on the investigations, to replace the old

wire table of the Institute. As a result of this action, a complete set of

tables was prepared. On October 14, 1910, also, the United States Com-
mittee of the International Electrotechnical Commission voted that steps

should be taken to interest the Commission in the subject of an international

standardization of copper standards, and accordingly the question of stand-

ardizing the temperature coefficient was submitted to the other national
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committees by the United States national committee in letters of January

26, 191 1. The question of a standard conductivity was considered by the

national committees of several nations in September, 1 9 1 1 ; and the result

was an agreement among the representatives of Germany, France, and the

United States to recommend a value proposed by Germany, differing only

slightly from the value recommended by the Bureau and adopted by the

Standards Committee of the American Institute of Electrical Engineers.

The values for the temperature coefficent determined at the Bureau and
corroborated at the German Reichsanstalt were accepted. In order to

facilitate the establishment of an international standard, and at the request

of the Standards Committee of the American Institute of Electrical En-

gineers and the United States Committee of the International Electro-

technical Commission, the publication of the copper wire tables was with-

held and they were recomputed on the new basis.

In the two years from September, 191 1, to September, 19 13, these

standard values were the subject of correspondence between the national

laboratories of Germany, France, England, and the United States. They
were favorably considered also by various committees of engineering soci-

eties. They were finally adopted by the International Electrotechnical

Commission in plenary session at Berlin on September 5, 191 3.

The commission issued a publication (I. E. C. Pub. 28, March, 1914)

entitled " International Standard of Resista^Jce for Copper, " giving the

values adopted and explanatory notes. This publication is reprinted as

Appendix V of this Circular (p. 75).

The new values have been adopted in the 191 4 Standardization Rules

of the American Institute of Electrical Engineers. The British Engineering

Standards Committee took up, in July, 1914, the work of revising its Report

on Standard Copper Conductors, to bring it into conformity with the inter-

national standard.

The fundamental quantities in the international definitions are: the

conductivity, 58; the density, 8.89; and the temperature coefficient, 0.00393.

(See p. 75.) All the other numerical values follow from these three (except

that the coefficient of linear expansion, 0.000017, must also be taken into

account in some cases). In particular, the values given for 0° C at the end
of Appendix V follow from these fundamental quantities. In order to

avoid misunderstanding we give here the processes by which they are cal-

culated. The coefficient 0.004265 is obtained by the simple formula

I
—20.

•20
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The coefficient 0.004282 is obtained by adding 0.000017 to this, according to

formula (32) on page 66. The value of resistivity at 0° C is given by the

use of the temperature coefficient of volume resistivity as follows:

Po=/'2o I -20. (0-20 + 0.000017) =3^ 1-20.(0.003947) =1.5880

This mode of calculation assumes that the resistivity is a strictly linear

function of temperature. If, instead, the resistance be assumed as a strictly

linear function of temperature, we must write

:

Po = P2<\ i-2o.«20 1-20.(0.000017) =~8 1-20.(0.00393) 1-0.00034

= 1.5881

The Bureau proposed the simpler calculation, leading to 1.5880, but the

second calculation and 1.5881 were finally adopted because it is more
convenient to think of the resistance as the strictly linear function.

II. WIRE GAGES

1. SHORT HISTORY OF WIRE GAGES

The sizes of wires were for many years indicated in commercial practice

almost entirely by gage numbers. This practice was accompanied by con-

siderable confusion because numerous gages were in use. Wire gages are

in use now less than formerly, the specification of diameter directly being,

in many cases, preferred; and, furthermore, the confusion is diminishing

because practice is eliminating most of the gages and is assigning well-

defined fields to the remaining ones. In an article " written in 1887, over

30 gages were described, 19 of which were wire gages. In addition to these

there were a number of proposed gages. Among the wire gages that have

survived, two are used extensively in this country, viz, the "American

Wire Gage" (Brown & Sharpe) and the "Steel Wire Gage" (variously

called the Washburn & Moen, Roebling, and American Steel & Wire Co.'s).

Three other gages are still used to some extent, viz, the Birmingham
Wire Gage (Stubs), the Old English Wire Gage (London), and the Stubs'

Steel Wire Gage. There ar5 in addition certain special gages, such as

the Music Wire Gage, the drill and screw gages, and the United States

Standard Sheet-Metal Gage. In England one wire gage has been made
legal and is in use generally, viz, the "Standard Wire Gage." The diame-

ters of the six general wire gages mentioned are given in mils in Table IV,

."S. S. WTieelcr: Elec. World. 10, 354; 1887.
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page 42, and in millimeters in Table V, page 43. In Germany, France, Aus-

tria, Italy, and other continental countries practically no wire gage is used;

size of wires is specified directly by the diameter in millimeters. This sys-

tem is sometimes called the "millimeter wire gage." In France the sizes

in use are to a considerable extent based on the old Paris gage (" jauge de

Paris de 1857").

The American Wire Gauge was devised by J. R. Brown, one of the

founders of the Brown & Sharpe Manufacturing Co., in 1857. It speedily

superseded the Birmingham Wire Gage in this countr}% which was then in

general use. It is perhaps more generally known by the name "Brown &
Sharpe Gage," but this name is not the one preferred by the Brown &
Sharpe Co. In their catalogues they regularly refer to the gage as the

"American Standard Wire Gage." The word "Standard" is probably not

a good one to retain in the name of this gage, since it is not the stand-

ard gage for all metals in the United States; and, further, since it is not a

legalized gage, as are the (British) Standard Wire Gage and the United

States Standard Sheet-Metal Gage. The abbreviation for the name of this

gage has usually been written "A. W. G." The American Wire Gage is

now used for more metals than any other in this country, and is practically

the only gage used for copper and aluminum wire, and in general for wire

used in electrical work. It is the only wire gage now in use whose successive

sizes are determined by a simple mathematical law. This gage is discussed

in detail below (p. 24).

The "Steel Wire Gage" is the same gage which has been known by the

names of Washburn & Moen gage and American Steel & Wire Co.'s gage.

This gage also, with a number of its sizes rounded off to thousandths of an
inch, has been known as the Roebling gage. The gage was established by
Ichabod Washburn about the year 1830, and was named after the Wash-
burn & Moen Manufacturing Co. This company is no longer in existence,

having been merged into the American Steel & Wire Co. The latter com-
pany continued the use of the Washburn & Moen Gage for steel wire, giving

it the name "American Steel & Wire Co.'s gage." The company specifies

all steel wire by this gage, and states that it is used for fully 85 per cent

of the total production of steel wire. This gage was also formerly used by
the John A. Roebling's Sons Co., who named it the Roebling gage, as men-
tioned above. However, the Roebling company, who are engaged in the

production of wire for electrical pui-poses, now prefer to use the American
Wire Gage.

548871 O • 43 - 2
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It may be stated '^ that in so far as wire gages continue in use in the

United States, the practice has been practically standardized to the use of

two gages, the American Wire Gage for wire used in electrical work and for

general use and the Steel Wire Gage for steel wire. This is perhaps as

satisfactory a state of affairs as can be hoped for as long as wire gages

continue in use, since the fields covered by the two gages are distinct and

definite, and both gages are used for enormous quantities of material.

Neither of these two gages (except for a small portion of the Steel Wire

Gage) have the irregular gradations of sizes which make many of the gages

objectionable. It is neither desirable nor probable that a single gage for

wires will be prescribed by legislative enactment, as was done for sheet

metal by the act of Congress approved March 3, 1893, establishing the

"United States Standard Sheet-Metal Gage."

The trend of practice in the gaging of materials is increasingly toward

the direct specificaiion of the dimensions in decimal fractions of an inch,

without use of gage numbers. This has been, for a number of years, the

practice of some of the large electrical and manufacturing companies of this

country. The United States Navy Department, also, in June, 191 1 , ordered

that all diameters and thicknesses of materials be specified directly in

decimal fractions of an inch, omitting all reference to gage numbers. The
War Department, in December, 191 1, issued a similar order, for all wires.

Numerous engineering societies have gone on record as in favor of the

direct use of diameters. The 191 4 Standardization Rules of the Ameri-

can Institute of Electrical Engineers state that the sizes of solid wires

shall be specified by their diameters in mils (but permit the use of the

gage numbers for brevity, where careful specification is not required).

The American Society for Testing Materials, in their Specifications for

Copper Wire, recommend that diameters instead of gage numbers be used.

This is similar to the practice on the Continent of Europe, where sizes of wire

are specified directly by the diameter in millimeters. The practice of speci-

fying the diameters themselves and omitting gage numbers has the advan-

tages that it avoids possible confusion with other gage systems and states an
actual property of the wire directly. An article presenting the disadvantages

of gage numbers for wires, sheets, and tubes, and the advantages of the

** The information about wire cages was gathered from the writings on the subject in scientific literature and in the
cataloffucs of raanufacturera, and also from special correspondence with leading manufacturers in America and Europe,
undertaken by the Bureau of Standards to find out the current practices.

The name "Steel Wire Gage" was sucgcstcd by the Bureau of Standards, in its correspondence with various compa.
nies, and it met with practically unanimous approval. It was necessary to decide upon a name for this gage, and the
three names which have been used for it in the past were all open to the objection that they were the names of particular

companies. These cctmpanics have accepted the new name. The abbreviation of the name of the gage should be "StL
W. G." to distinguish ilfrom "S. W. G.." the abbreviation lor the (British) Standard Wire Gage. When it is necessary

to distinguish the name of this gage from others which may be used for steel wire, e. g., the (British) Standard Wire Gage,
it may be called the United States Steel Wiie Gage.
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exclusive use of the "decimal system," from the viewpoint of the manufac-

turer, was published by G. E. Goddard in the American Machinist, March

2,1911, page 400. He states that this practice was recommended so long ago

as 1895 by a joint committee of the American Society of Mechanical Engi-

neers and the American Railway Master Mechanics' Association. This sys-

tem is recommended by the Bioreau of Standards as the most satisfactory

method of specifying dimensions of materials. It should always be followed

in careful work and in contracts and specifications, even when the gage num-
bers are used for rough work. The correspondence which the Bxireau of

Standards has had with manufacturers of wire has shown that there is a gen-

eral willingness and desire to have most or all of the gages eliminated. It

therefore depends largely on the consumers of wire to simplify wire-gage

practice, by ordering material according to dimension rather than gage num-
bers. The various national engineering societies, representing the users of wire,

might succeed in educating consumers by taking up this matter actively.

When gage niunbers are not used, it is necessary that a certain set of

stock sizes be considered standard, so that the manufacturers would not be
required to keep in stock an unduly large number of different sizes of wire.

The large companies and societies which have adopted the direct use of diam-
eters have recognized this, having taken as standard the American Wire
Gage sizes, to the nearest mil for the larger diameters and to a tenth of a mil

for the smaller. (See list of sizes. Table IV, p. 42.) These sizes were adopted,

in December, 191 1, by the United States War Department for all wires. It

seems likely that this system of sizes, based on the American Wire Gage,
will be perpetuated. This is fortunate, as the American Wire Gage has

advantages over all other gages, which are described below; fortunately, also,

practice is eliminating the many useless figures to which the theoretical

diameters in the American Wire Gage may be carried.

The objection is often raised that the use of diameters requires the

employment of a micrometer; and that the wire gage as an instrument,

marked in gage numbers, is a very rapid means of handling wires and is

indispensable for use by unskilled workmen. However, the use of the wire

gage as an instrument is consistent with the practice of specifying the diam-
eters directly, provided the wire-gage is marked in mils. Wire-gages marked
both in the A. W. G. numbers and in thousandths of an inch can be obtained

from the manufacturers. One thus reads off directly from the wire-gage 81

mil, 64 mil, etc., just as he would No. 12, No. 14, etc. (Of course, the
diameters in millimeters could be marked on the gage for those who prefer

the metric system.) It should not be forgotten, however, that a wire-gage

gradually wears with use, and that for accvu-ate work a micrometer should
always be used.
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Of the three wire gages which have remained in use but are now
nearly obsolete, the one most frequently mentioned is the Birmingham,

sometimes called the Stubs' Wire Gage. It is said to have been intro-

duced early in the eighteenth century, and a table

of its diameters is given in Holtzapffel's "Turn-
ing" (London, 1846). Its numbers were based upon
the reductions of size made in practice by drawing

wire from rolled rod. Thus, rod was called No. o,

first drawing No. i , and so on. Its gradations of size

are very irregular, as shown in Fig. i . The V-shaped

diagram is simply a picture of a wire-gage, marked
with the Birmingham gage on the left and the Ameri-

can gage on the right. A similar diagram is given

in the catalogue of the Brown & Sharpe Manufac-

turing Co. (1903, p. 422). The distance between the

cUverging lines at any point is the diameter of the

wire whose gage number is given on the side. The
Birmingham gage is typical of most wire gages, and

the irregularity of its steps is shown in marked con-

trast to the regularity of the steps of the American

Wire Gage. This contrast is also brought out in Fig.

2, page 22.

Some of the later gages were based on the Bir-

mingham. It was used extensively both in Great

Britain and in the United States for many years.

It has been superseded, however, and is now nearly

obsolete. By the repeated copying of old specifica-

tions its use has persisted to some extent, both in

England and the United States, for galvanized-iron

telegraph wire. In this country such use has been

limited largely to the large telegraph and telephone

companies and certain departments of the Govern-

ment. As stated above, the Government depart-

ments are now dropping the wire gages altogether.

The telephone and telegraph companies are inclined

to continue the use of the Birmingham gage, and
""^ ^

seem to believe that the wire manufactiuers prefer

it. The manufacturers, however, would be glad to have wire gages elimi-

nated, and, as stated before, it therefore depends largely on the consumers

of wire to simplify wire gage practice.
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The principal outstanding exception to the abandonment of the

Birmingham gage heretofore has been that the Treasury Department, with

certain legislative sanction, specified the Birmingham gage for use in the

collection of duty on imports of wire. This gage was prescribed by the

Treasury Department in 1875, after it had been ascertained that it was
the standard gage "not only throughout the United States, but the world."

This reason for the use of this gage does not now exist, inasmuch as the gage is

now used very little in the United States, and even less in other countries.

Up until 1914 the Treasury Department considered that it could not change

its practice, since legislative approval had been given the Birmingham gage

by the tariff acts with a provision for assessment of duty according to gage

numbers, and further since a change would alter the rate of duty on certain

sizes of wire. However, the 1913 Tariff Act specified the sizes of wires by
the diameters in decimal parts of an inch instead of by gage numbers. This

left the Treasury Department free to reject the Birmingham gage, which it

did in August, 1914, adopting the American Wire Gage in its place.

The Old English or London gage, the sizes of which differ very little

from those of the Birmingham gage, has had considerable use in the past for

brass and copper wires, and is now used to some extent in the drawing of

brass wire for weaving. It is nearly obsolete.

The Stubs' Steel Wire Gage has a somewhat limited use for tool steel

wire and drill rods. This gage should not be confused with the Birming-

ham, which is sometimes known as Stubs' Iron Wire Gage.

The "Standard Wire Gage,'' otherwise known as the New British

Standard, the English Legal Standard, or the Imperial Wire Gage, is the

legal standard of Great Britain for all wires, as fixed by order in Council,

August 23, 1883. It was constructed by modifying the Birmingham Wire

Gage, so that the differences between successive diameters were the same

for short ranges, i. e., so that a graph representing the diameters consists

of a series of a few straight lines. This is shown in the graphical comparison

of wire gages, Fig. 2. The curves show three typical wire gages, diameter

being plotted against gage number. Attention is called to the regularity

of the American Wire Gage curve, the utter irregularity of the Birmingham
gage curve, and the succession of straight lines of which the Standard Wire

Gage curve is composed. The lower ends of these ciu-ves are also shown,

magnified 10 times.

While the Standard Wire Gage is the most used wire gage in Great

Britain, we are informed by a large English electrical manufacturing com-

pany that the tendency is to adopt mils, or decimal fractions of an inch,

rather than gage numbers, the same tendency as in the United States.
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There was once a movement to bring the "Standard Wire Gage" into gen-

eral use in the U^iited States. It was adopted in 1885 by the National

Telephone Exchange Association, and in 1886 by the National Electric

Light Association. The gage, however, never came into general use. In

1886, The Electrical World sent a letter to the principal makers and users

of wire throughout the country inquiring about their practices in specify-

ing wire and asking whether they would favor legislation enforcing the

"Standard Wire Gage." The great majority of the repHes showed that the

"Standard Wire Gage" was not in use at all, and that the American Wire
Gage was the most used, and also that there was a strong trend in favor of

specifying sizes entirely by the diameter in mils.

Among the many wire gages that have been proposed but never came
into much use may be mentioned especially Latimer Clark's Wire Gage,

the Edison Standard Wire Gage, and the National Electric Light Associa-

tion's Metric Wire Gage. The first of these, Clark's, was proposed in 1867,

and was based on the same principle as the American Wire Gage, viz,

each successive diameter obtained by multiplying the preceding by a con-

stant. As Wheeler " justly remarked, its one virtue was its imitation of

its prototype, the American gage. The Edison Standard Wire Gage, pro-

posed by the Edison Electric Light Co. sometime before 1887, was based

upon a different principle. The area of cross section increased propor-

tionally with the gage numbers. No. 5 = 5000 circular mils. No. 10 =
10 000, and so on. The diameters, therefore, increased as the square root

of the gage numbers. The circular mil classification is now actually used

for the large sizes of copper wire and cables, but the Edison gage numbers
are not used. The National Electric Light Association in 1887 dropped the

(British) Standard Wire Gage, which it had adopted the year before, and
adopted its Metric Wire Gage. This was nothing more than the German
and French millimeter wire gage, giving numbers to the successive sizes,

calling 0.1 mm diameter No. i, 0.2 mm No. 2, and so on.

2. THE AMERICAN WIRE GAGE

(a) GENERAL USE OF THE AMERICAN WIRE GAGE

As stated above, in the United States practically the only gage now
used for copper wire is the American Wire Gage (B. & S.). In sizes larger

than No. 0000 A. W. G. copper conductors are practically always stranded.

Sizes of stranded conductors are specified by the total cross section in circu-

lar mils. It is becoming more and more the practice for the large electrical

**See note 14, p. 16.
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companies and others to omit gage numbers ; and the stock sizes of copper

wire used and specified by those who follow this practice are the American

Wire Gage sizes, to the nearest mil for the larger diameters and to a tenth

of a mil for the smaller. (See list of sizes in American Wire Gage, Table IV,

p. 42.) Those who use the gage numbers do not draw or measiu-e wires to a

greater accuracy than this; and we accordingly see that a single system of

sizes of copper wire is in use in this country, both by those who use gage

numbers and those who do not.

(b) THB CHARACTERISTICS OF THE AMERICAN WIRE GAGE

The American Wire Gage has the property, in common with a number

of other gages, that its sizes represent approximately the successive steps

in the process of wire drawing. Also, like many other gages, its numbers

are retrogressive, a larger number denoting a smaller wire, corresponding

to the operations of drawing.

Its sizes are not so utterly arbitrary and the differences between

successive diameters are more regular than those of other gages, since it is

based upon a simple mathematical law. The gage is formed by the speci-

fication of two diameters and the law that a given number of intermediate

diameters are formed by geometrical progression. Thus, the diameter of

No. 0000 is defined as 0.4600 inch and of No. 36 as 0.0050 inch. There are

38 sizes between these two, hence the ratio of any diameter to the diameter

of the next great number = ^/^~^ = ^/92 = 1.122 932 2. The square

of this ratio = 1.26 10. The sixth power of the ratio, i. e., the ratio of any

diameter to the diameter of the sixth greater number = 2.0050. The fact

that this ratio is so nearly 2. is the basis of numerous useful relations which

are given below in " Wire table short cuts.
"

The law of geometrical progression on which the gage is based may be

expressed in either of the three following manners: (i) the ratio of any
diameter to the next smaller is a constant number; (2) the difference between

any two successive diameters is a constant per cent of the smaller of the two
diameters; (3) the difference between any two successive diameters is a

constant ratio times the next smaller difference between two successive

diameters.

The regularity of the American Wire Gage is shown by the curve on
page 22, where it is graphically compared with two other wire gages. The
gage is represented by an ordinary exponential curve. The curve would
be a straight line if plotted to a logaritlimic scale ot diameters and a uni-

form scale of gage numbers.
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(c) WIRE TABLE SHORT CUTS

Since the American Wire Gage is formed by geometrical progression,

the wire table is easily reproduced from the ratio and one of the sizes as a

starting point. There happen to be a number of approximate relations

which make it possible practically to reproduce the wire table by remember-
ing a few remarkably simple formulas and data. The resistance, mass,

and cross section vary with the square of the diameter, hence by the use

of the square of the ratio of one diameter to the next, viz, 1.2610, it is pos-

sible to deduce the resistance, mass, or cross section of any size from the

next. This number may be carried in the mind as approximately iX-
Furthermore, since the cube of this number is so very nearly 2., it follows

that every three gage numbers the resistance and mass per unit length

and also the cross section are doubled or halved. The foregoing sentence

is a concise expression of the chief "wire table short cut." It is extremely

simple to find, say, ohms per 1000 feet mentally, starting from the values

for No. 10, as in the illustrative table below (p. 27). The approximate

factors for finding values for the next tliree sizes after any given size, are

i^, 1.6, 2.0. Furthermore, every 10 gage numbers the resistance and
mass per unit length and the cross section are approximately multipUed or

divided by 10.

No. ID copper wire has approximately a resistance of i ohm per 1000

feet at 20° C, a diameter of o.i inch, and a cross section of 10 000 circular

mils. The mass may also be remembered for No. 10, viz, 31.4 pounds per

1000 feet; but it will probably be fotmd easier to remember it for No. 5, 100

pounds per 1000 feet; or for No. 2, 200 poimds per 1000 feet.

Very simple approximate formulas may be remembered for computing

data for any size of wire. Let:

n = gage number (Take No. 0=0, No. 00= —i, etc.).

i? =ohms per 1000 feet at 20° C.

M = pounds per 1000 feet.

C. M. = cross section in circular mils.

ft

/c = 10 =
10

M = 10

SO-B 5

CM. = 10" =i^ <3)
•

J»
10

10
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These formulas may be expressed also in the following form, common
or Briggs' logarithms being used:

log(ioi?)=^ (4)

logM =?^ (5)

log = (6)° 100 000 10

These formulas are also sometimes given in the equivalent but less

useful form:

ID

M =I^ = 3£o (8)

2 2

„ ., 100000C.M.=—^-
(9)

Formulas (i) and (4), (2) and (5) give results correct within 2 per cent

for all sizes up to No. 20, and the maximum error is 5 per cent for No. 40;

and the errors of formulas (3) and (6) varj- from 6 per cent for No. 0000 to

2 per cent for No. 20, and less than 2 per cent for No. 20 to No. 40.

The sizes of copper rods and stranded conductors larger than No. 0000 are

generally indicated by circular mils. For such cases, resistance in ohms
per 1000 feet at 20° C is given approximately by combining formulas

(i) and (3) ; R — -q-tt- or, in other terms,

Feet per ohm = ^' ^-
(10)

Similar formulas may be deduced for the ohms and mass per unit
length, etc., in metric units. For example, we have similarly to (4), letting

r=ohms per kilometer,

log dor)=^ (II)

The slide rule may be used to great advantage in connection with these
approximate formulas; (4), (5), (6), and (11), in particular, are adapted to
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slide-rule computation. Thus, to find ohms per 1000 feet, set the gage num-
ber on the slide-rule scale usually called the logarithm scale, and the

resistance is given at once by the reading on the ordinary number scale of

the slide rule.

An interesting additional "wire table short cut" is the fact that

between Nos. 6 and 12, inclusive, the reciprocal of the size number = the

diameter in inches, within 3 per cent.

A convenient relation may be deduced from the approximate formula

frequently used by engineers, / = od', in which d is diameter of wire, a is

a constant for given conditions, and / is either the fusing current or the cur-

rent which will raise the temperature of the conductor some definite amount.

For / defined either way, every 4 gage numbers I is doubled or halved.

A simple table is appended here to show the application of some of the

foregoing principles. It is for resistance in ohms per 1000 feet, using No. 10

as a starting point. A similar table might be made for mass in pounds per

1000 feet, or for cross section in circular mils, or for ohms per kilometer.

Gage
No.
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mass temperature coefficient of resistance," which is discussed in Appendix

II, p. 65. This has not usually been specifically stated in the definition of

a standard temperature coefficient. It seems fair to assume that this mode
of defining the temperature coefficient is implied in the various standard

values, since the temperature coefficient most frequently used in practice is

that of "constant mass," i. e., the temperature coefficient as measured

between potential terminals rigidly attached to the wire. The resistivity is

given in each case in terms of the resistance of a uniform wire i meter long

weighing a gram. This unit of mass resistivity is conveniently designated

for brevity as ohms (meter, gram). The advantages of this unit of resis-

tivity are set forth in Appendix I, p. 60. The values given in Table I are

fully discussed above, pages 5 to 12. Column 8 gives the international

standards, used as the basis of the tables of this circular.

Table n.—This table is an embodiment of the proportionality between

conductivity and temperature coefficient. The temperattue coefficient at

20° C, o'jo. w^s computed from n, the percent conductivity expressed

decimally, thus simply:

a^a=n (0.00393).

(The n used here and later in the circular has no relation whatever to

the n used on pp. 25 and 26.) The complete expression for calculating «/,,

the temperature coefficient at any temperature, is given in the note to the

table. The values given for a in the table are the "constant mass tem-

perature coefficient of resistance," which is discussed in Appendix II, p. 65.

It is to be noted that Table II gives either the conductivity when the

temperature coefficient is known or the temperature coefficient when the

conductivity is known. It may be again emphasized here that the propor-

tional relation between conductivity and temperature coefficient is equiva-

lent to the following: The change of resistivity per degree C is a constant for

copper, independent of the temperature of reference and independent of the

sample of copper; this constant is

0.000597 oh™ (meter, gram),"

or, 0.0000681 ohm (meter, mm^),

or, 0.00681 microhm—cm,

or, 3.41 ohms (mile, pound),

or, 0.00268 microhm—inch,

or, 0.0409 ohm (mil, foot).

The Fahrenheit equivalents of the foregoing constants or of any of the a's

in Table II may be obtained by dividing by 1.8. Thus, for example, the

" In other words. 0.000S97 ohm is the difference in resistance of two samples of the same copper, one at t* C and the
other at (t+ 1)' C. and each weichins i cram, but each having the lencth of exactly i meter at the specified temperature.
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20° C or 68° F temperature coefficient for copper of 100 percent conductivity

is 0.00393 per degree C, or 0.00218 per degree F. Similarly, the change of

resistivity per degree F is 0.00149 microhm—inch.

The foregoing paragraph gives two simple ways of remembering the

temperature coefficient. Another method of remembering how to make
temperature reductions, in extended use among engineers, is to make use

of the "inferred absolute zero temperature of resistance." This is the

quantity, T, given in the last column of Table II for the various conduc-

tivities. For any percent conductivity, — T is the calculated temperature

on the centigrade scale at which copper of that particular percent con-

ductivity would have zero electrical resistance provided the temperature

coefficient between 0° C and 100° C applied continuously down to the

absolute zero. That is

-To

One advantage of these "inferred absolute zero temperatures of resistance"

is their usefulness in calculating the temperature coefficient at any tempera-

ture, ti. Thus, we have the following formulas;

I

a,. =
T + t,

t-t,=^^{T + t,)

The chief advantage, however, is in calculating the ratios of resistances at

different temperatures, for the resistance of a copper conductor is simply

proportional to its (fictitious) absolute temperature from the " inferred

absolute zero." Thus, if Rt and i?/, denote resistances, respectively, at any
two temperatures / and /,

R, T + i

R„ T + t,

For example, a copper wire of 100 percent conductivity, at 20° C, would
have a (fictitious) absolute temperature of 254.4°, ^"d at 50° C would have

a (fictitious) absolute temperature of 284.4° Consequently, the ratio of

284. 4.

its resistance at so° C to its resistance at 20° C would be —^2^ = 1.118,.
254-4

In more convenient form for slide rule computation, this formula may be

written

5^ = 1+/-^'
R„ T + t,
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Table HI.—It is a simple matter to apply the formulas for temperature

reduction to resistance or resistivity measurements, but the work can some-

times be shortened by having a table of temperature corrections. In the

discussion of the temperature coefficient of copper, above, it was shown that

the change of resistivity per degree C is a constant for copper. Accordingly,

if the resistivity of any sample of copper be measured at any temperature, it

can be reduced to any other temperature simply by adding a constant multi-

plied by the temperature difference. The first and last columns of Table III

give temperature of observation. The second, third, foiu-th, and fifth

columns give the quantity to be added to an observed resistivity to reduce

to 20° C.

The next three columns give factors by which to multiply observed

resistance to reduce to resistance at 20° C. Resistance can not be reduced

accurately from one temperature to another unless either the temperature

coefficient of the sample or its conductivity is known. Of course, if the

temperature coefficient itself is known it should be used. If the conductivity

is known, the reduction can be made by the aid of these three columns of

the table, which are for 96 percent, 98 percent, and 100 percent conductivity.

For other conductivities, recovuse may be had to interpolation or extrapola-

tion, or to computation by the formula. The sixth column, for 96 percent

conductivity, corresponds to a temperature coefficient at 20° C of 0.003 773;

the seventh column, for 98 percent conductivity, to 0.003 851; and the

eighth column, for 100 percent conductivity, to 0.003 930. The factors in

the eighth column, for example, were computed by the expression,

r, r, in which i is the temperature of observation.
1 + 0.003 930 (' — 20)

'^

Table IV.—This table gives the diameters in mils (thousandths of an

inch) of the sizes in the six wire gages in use, as described in Section II (i),

above. The diameters in the American Wire Gage are fixed by the definite

law of geometrical progression, and can, of course, be calculated out to any

number of figures desired. In this table they have been rounded off at the

place determined by actual practice of drawers and users of wire. The

diameters in the "Steel Wire Gage" were taken from a booklet called

"Sizes, Weights, and Lengths of Round Wire," published in 1905 by the

American Steel St Wire Co. The diameters in the Birmingham Wire

Gage and the Old English gage were found by comparing a large number of

wire gage tables published by various manufacturers and others. The
diameters in the Stubs' Steel Wire Gage were taken from the catalogue of

Brown & Sharpe Manufacturing Co. (1909, p. 521). In addition to the sizes
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shown, this gage has 26 larger sizes and 30 smaller sizes. The diameters

in the (British) Standard Wire Gage were obtained from the Engineering

Standards Committee "Report on British Standard Copper Conductors"

(second issue, March, 1910).

Table V.—-The same six v/ire gages as in Table IV are here compared

by the diameters in millimeters. The diameters were found by multiplying

the respective numbers in Table IV 6y 0.025 400 i, and rounding off, to o.i

mm for the largest sizes and 0.00 1 mm for the smallest sizes.

Table VI.—Complete data on the relations of length, mass, and resist-

ance of annealed copper wires of the American Wire Gage sizes are given

in Tables VI and VII, pages 44 to 51. Table VI gives the data in English

units, Table VII in metric units. The quantities involving resistances are

given at 6 temperatures: 0° C, 25° C, 50° C, 75° C, and the two widely used

standard temperatiu-es, 15° C and 20° C. The mass per imit length and
length per unit mass are given for 20° C; their variation with temperature

is insignificant. The quantities in the tables were computed to five signifi-

cant figiu-es, and have been rounded off and given to four significant

figures. The results are believed to be correct within i in the fourth

significant figure. It is appreciated that four significant figures greatly

exceed in precision the ordinary requirements of a wire table. This table

is intended, however, chiefly as a reference table, and it is desired that work-

ing tables based upon this table should not disagree with one another.

For practical working tables of annealed copper wire. Tables VIII and IX
are recommended.

Data may be obtained for sizes other than those in the table either by
interpolation or by independent calculation. The fundamental data, in

metric units, for making the calculations are given in the explanation of

Table VII. The derived data in English imits, as used in the calculation of

Table VI, are as follows:

Volume resistivity of annealed copper at 20° C, or 68° F, =0.678 79

microhm-inch.

Density of copper at 20° C, or 68° F, =0.321 17 pound per cubic inch.

The constants given above and also in the following formulas are given

to a greater number of digits than is justified by their use, but it is desired

to prevent small errors in the calculated values.

In the following formulas, let:

j = cross section in square inches, at 20° C.

d = density in pounds per cubic inch, at 20° C.

/>2o
= resistivity in microhm-inches at 20° C.
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The data of Table VI may be calculated for wire of any cross section

by the following formulas. (These formulas hold for any form of cross

section as well as circular cross section.)

i.2/)jo_o.oo8i455
Ohms per looo feet at 20° C =

lOOJ s

Feet per ohm at 20° C = = i22-j'joXs

Ohms per pound at 20° C =i^° =^^^

Pounds per ohm at 20° C = =473i6oX.y'
P20

Pounds per 1000 feet at 20° \^ ^ 1 2000 (ij = 3854.09 Xj

Feet per pound at 20° C =—V = ^^^^^^^
^ ^ 120J s

Having obtained the resistances at 20° C for the various sizes of wire,

the resistances at other temperatures are calculated by means of the "con-

stant mass temperature coefficient," 0.00393, the wires being assumed to

remain of constant mass and shape as the temperature changes. This

corresponds to the method of measuring resistance by means of potential

terminals attached permanently to a wire sample, or to the measiu^ement

of resistance of a coil of wire at various temperatiures where no measure-

ments are made either of the length or diameter. The diameters and cross

sections are assumed to be exact at 20° C, and to increase or decrease with

change of temperature as a copper wire would naturally do. [Thus the

constant mass temperature coefficient 0.00393 is not the same as would
have to be used if the diameter and length were assumed to have the stated

values at all temperatures; the latter would require the "constant volume
temperature coefficient" {a + y) =0.003947 at 20° C] The length is to be
imderstood as 1000 feet at 20°, and to vary with the temperature. What
the tables show is the resistance at various temperatures, of a wire which
at 20° C is 1000 feet long and has the specified diameter, and which varies

in length and diameter as well as in resistance at other temperatures. [In

the first edition of this circular, the numbers given in the tables for tem-
peratures other than 20° C were slightly different, because the diameter and
length were there taken to be exact at each temperature. Thus, values at

different temperatm-es did not hold for the same actual wire, as they do in

the present tables.]
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The numbers given in the several columns vmder the heading " Feet per

ohm" are 1000 times the reciprocals of the corresponding numbers on the

opposite page. That is, they give the number of feet of ^vire measured at

20° C, having a resistance of i ohm at the various temperatures.

In the table giving "Ohms per poimd" the resistances in the several

columns are the number of ohms resistance at the several temperatures of a

pound of wire, the length and diameter of which vary with the tempera-

ture. Hence the same temperature coefficient 0.00393 is used as before.

The numbers given in the several columns under the heading " Poimds

per ohm" are the reciprocals of the corresponding numbers on the opposite

page.

It should be strictly borne in mind that Tables VI and VII give values

for annealed copper whose conductivity is that of the " International Annealed

Copper Standard " described above (that is, approximately, an average of the

present commercial conductivity copper). If data are desired for any
sample of different conductivity, and if the conductivity is known as a

percentage of this standard, the data of the table involving resistance

are to be corrected by the use of tliis percentage, thus (letting n = per

cent conductivity, expressed decimally) : (i) For "Ohms per 1000 feet "and

"Ohms per pound" multiply the values given in Table VI by -. (2) For
ft'

"Pounds per ohm" and "Feet per ohm" multiply the values given in

Table VI by n.

An approximate average value of percent conductivity of hard-drawn

copper may be taken to be 97.3 per cent when assumption is unavoidable.

The method of finding approximate values for hard-drawn copper from

the table may be stated thus: (i) For "Ohms per 1000 feet" and
"Ohms per pound" increase the values given in Table VI by 2.7 per

cent. (2) For " Pounds per ohm " and " Feet per ohm " decrease the values

given in Table VI by 2.7 per cent. (3)
" Pounds per 1000 feet" and "Feet

per pound " may be considered to be given correctly by the table for either

annealed or hard-drawn copper.

Table VII.—-This is a complete reference table, in metric units,

of the relations of length, mass, and resistance of annealed copper wires.

It is the equivalent of Table VI, which gives the data in English units.

The fundamental data from which all these tables for copper were computed
are as follows:

8 80
Mass resistivity of annealed copper at 20° C = ^^ = o. 1 5328 ohm (meter,

5°
gram).

548871 O - 43 3
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Density of copper at 20° C = 8.89 grams per cubic centimeter.

100
Volume resistivity ofannealedcopper at 20°C = —^ = 1.7241 microhm-cm.

The data of Table VII may be calculated for wires of any cross section

by the formulas below, using the following symbols:

J = cross section in square mm, at 20° C.

d = density in grams per cubic centimeter, at 20° C.

P20
= resistivity in microhm-cm, at 20° C.

Ohms per kilometer at 20° c = i^^» =i7:^

Meters per ohm at 20° C = = 58.000 XJ

Ohms per kilogram at 20° C = -^° = i^|24

100 ds^
Grams per ohm at 20° C = =515.62 xs'

P20

Kilograms per kilometer at 20° C = ds = 8.89 X s

Tiir ^ i o r^ I O. I 1 2486
Meters per gram at 20 C = j- =

The same points regarding the computations for different temperatures,

and regarding the use of the table for samples of conductivity different from

the standard, which were mentioned above in the explanation of Table VI,

apply to Table VII also.

Table VIII.—This "working table" for annealed copper wires is an

abbreviated form of the complete Table VI. It is intended to facilitate

ready reference by the practical user. In the calculation of "Ohms per

1000 feet," the diameters and the length are assumed to be exact at one

temperature, as in Tables VI and VII. It makes no difference, to the

order of accuracy given in this table, whether the diameters and lengths are

assumed exact at 20° C or at 25° C. The values given for 65° C assume

the length to be 1000 feet, and the diameters to be the stated values, at the

lower temperature. However, this matter of interpretation is here unim-

portant, for even if the dimensions were assumed exact at the higher tem-

perature the data would not differ by i in the third significant figure.

Table IX.—This "working table" in metric units is the equivalent

of Table VIII, which gives the data in English units; and is an abbreviated

form of the complete Table VII.
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Table X.—^This is a reference table, for standard annealed copper,

giving "Ohms per looo feet" at two temperatures and " Pomids per looo

feet," for the various sizes in the (British) Standard Wire Gage. The

quantities in the table were computed to five significant figures, and have

been rounded off and given to four significant figures. The results are

believed to be correct within i in the fourth significant figure.

Table XI.—This is a reference table for standard annealed copper

wire, giving " Ohms per kilometer" at 15° C and 65° C, and " Kilograms per

kilometer," for selected sizes such that the diameter is in general an exact

number of tenth millimeters. The sizes were selected arbitrarily, the

attempt being to choose the steps from one size to another which correspond

roughly to the steps in the ordinary wire gages. The data given are believed

to be correct within i in the fourth significant figmre.

Table Xn.—This table gives data on bare concentric-lay cables of

annealed copper. A "concentric-lay cable" is a conductor made up of a

straight central wire surrounded by helical layers of bare wires, the alternate

layers having a twist in opposite directions. In the first layer about the

central wire, 6 wires of the same aiameter are used ; in t j next layer, 1 2

;

then 18, 24, etc. The number of layers thus determines the number of in-

dividual wires in the cable. There are many other, more complicated forms

of cables, but they are not standardized as are the concentric-lay cables.

Cables of special flexibility are made up of large numbers of wires having

a definite gage size, while in the case of concentric-lay cables it is the more

usual practice to start with a specified total cross section for the cable and

from that calculate the diameter of the wires." Thus, in Tables XII and

XIII, the column " Diameter of Wires" was calculated from the total cross

section.

The sizes of cables are usually specified by a statement of the cross

section in circular mils. (The cross section in circular mils of a single wire

is the square of its diameter in mils). The sizes of stranded conductors

smaller than 250 000 circular mils (i. e., No. 0000 A. W. G. or smaller) are

sometimes, for brevity, stated by means of the gage number in the American

Wire Gage of a solid wire having the same cross section. The sizes of

conductors of special flexibility, which are made up from wires of a definite

gage size, are usually specified by a statement of the number and size of

the wires. The sizes of such conductors may also "be stated by the approxi-

mate gage number or the approximate circular mils.

" The individual wire is also called a "strand." The term "strand." in general, means any wire or group of wires

fomting; a portion of a stranded conductor or a cable. Definitions of this and other expressions in wire and cable

terminology are given in this Bureau's circular No. 37.
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Tables XII and XIII give the properties of the usual sizes of concentric-

lay cables which are made and used in this country. The practices of

manufacturers vary, but cables of this type are most commonly made up

as shown under "Standard concentric stranding." For greater flexibility,

concentric-lay cables are sometimes made up as shown under "Flexible

concentric stranding." The first five columns of the tables apply to both

kinds of stranding. The "Standard concentric stranding" here given is

also given in the 191 4 Standardization Rules of the American Institute

of Electrical Engineers. Those rules also define "Flexible stranding,"

which is nr>+. to be confused with the " Flexible concentric stranding

"

in these tables. "Flexible stranding" refers to conductors of special

flexibility which are made up a large number of wires having a definite

gage size.

This stranding is standard both for a concentric strand which is used

as one of the constituents of a rope-lay cable and also for a strand constitut-

ing the whole of a concentric-lay cable. The ranges of the sizes for the

various numbers of wires are such as to give cables of a smooth gradation

of flexibility.

The "Outside diameter in mils" is the diameter of the circle circum-

scribing the cable, and is calculated very simply. Thus, for a cable of 7

wires, the "outside diameter" is 3 times the diameter of one wire; for a

cable of 19 wires, it is 5 times the diameter of one wire, etc. The values

given for the resistance are based on the International Annealed Copper

Standard, discussed above. The density used in calculating the mass is

8.89 gram6 per cubic centimeter, or 0.321 17 pounds per cubic inch. The
effect of the twisting of the strands on the resistance and mass per unit

length is allowed for, and is discussed in the following paragraphs:

Different authors and different cable companies do not agree in their

methods of calculating the resistance of cables. It is usually stated that

on account of the twist the lengths of the individual wires are increased,

and hence the resistance of the cable is greater than the resistance of an

"equivalent solid rod "—i. e., a solid wire or rod of the same length and of

cross section equal to the total cross section of the cable (taking the cross

section of each wire perpendicular to the axis of the wire). However, there

is always some contact area between the wires of a cable, which has the

effect of increasing the cross section and decreasing the resistance ; and some
authors have gone so far as to state that the resistance of a cable is less than

that of the equivalent solid rod. The Bureau of Standards has made inquir-

ies to ascertain the experience of cable manufacturers and others on this
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point. It is practically unanimously agreed that the resistance of a cable

is actually greater than the resistance of an equivalent solid rod. It is

shown mathematically in Appendix IV, page 71, that the percent increase

of resistance of a cable with all the wires perfectly insulated from one another

over the resistance of the equivalent solid rod is exactly equal to the percent

decrease of resistance of a cable in which each strand makes perfect contact

with a neighboring strand at all points of its surface—that is, the resistance

of the equivalent solid rod is the arithmetical mean of these two extreme

cases. While neither extreme case exactly represents an actual cable, still

the increase of resistance is generally agreed to be very nearly equal to that

of a cable in which all the wires are perfecth'^ insulated from one another.

Apparently the wires are very Httle distorted from their circular shape, and
hence make very little contact with each other. It is shown in Appendix
IV that the percent increase in resistance, and in mass as well, is equal to

the percent increase in length of the wires. (The equivalent soild rod is

assumed to consist of copper of the same resistivity as that in the actual

cable.) A standard value of 2 percent has been adopted for tliis percent

increase in length, by the Standards Committee of the American Institute

of Electrical Engineers, and the resistances and masses in the table are

accordingly made 2 percent greater than for the equivalent solid rod. This

involves an assumption of a value for the "la}'-," or "pitch," of the cable,

but the actual resistance of a cable depends further upon the tension under

which the strands are wound, the age of the cable, variations of the resistivity

of the wires, variations of temperature, etc., so that it is very doubtful

whether any correction need be made to the tabulated values of resistance.

It may be more often required to make a correction for the mass of a cable,

which can be done when the " lay " is known. The effect of " lay " and the

magnitude of the correction are discussed in Appendix IV, p. 71.

Table XIII.—-This table gives data in metric units on bare concentric-

lay cables of annealed copper; it is the equivalent of Table XII. The first

column gives the size in "circular mils," since the sizes are commercially so

designated (except for the smaller sizes, for which the A. W. G. number is

given) . The other quantities in this table are in metric units. The explana-

tions of the calculations of Table XII given above and in Appendix IV
apply to this table also.

Table XIV.—This table gives data for average commercial hard-drawn

aluminum wire at 20° C, of the American Wire Gage sizes. It is based upon

the values for resistivity and density given on p. 14; in brief, volume re-

sistivity =2.828 microhm-cm, density = 2.70 grams per cubic centimeter.
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The quantities in the table were calculated by the following formulas

(j = cross section in square inches)

:

/-vu t ^ 0.013361
Ohms per 1000 feet = —

—

^^—
Pounds per 1000 feet = 1 1 70.5 x s

Pounds per ohm = 8761 1 . xs^

Feet per ohm = 74847. X j

Table XV.—This table is the equivalent in metric units of Table XIV,
giving data for average commercial hard-drawn aluminum wire at 20° C.

The quantities in the table were calculated by the following formulas

(j= cross section in mm')

:

Ohms per kilometer =^
Kilograms per kilometer = 2.70 Xs
Grams per ohm = 95.474 Xs'

Meters per ohm = 35.361 Xs



PART 2. TABLES

TABLE I

Various Standard Values for Resistivity, Temperature Coefficient, and Density,

of Annealed Copper

Tempera-
toreC tv^^S. 01d™*^l „ .„(En«. Stds. ir„M.r • Kupfer,

Com" lOM* Kupfer."Lom.. 19W)
density 8.91

3 * 4
Germany, Lindeck.

OId*'Normal Mattliiessen
value.

flggnming assummg
density 8.89

;
density 8.89

A. I. E. E.
before 1907

(Matthiessen
value)

6
,

7 I 8
Bureau of i Interna-

A. I. E. E., Standards tioacl
1907 (o 1910 and Aimealed

; A. I. E. E.,
I

Copper
1911 Standard

RESISTIVTTY IN OHMS (METER, GRAM)

0°
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TABLE II

Temperature Coefficients of Copper

for Different Initial Temperatures (Centigrade) and Different Conductivities

Ohms
(meter, i;ram)

at ZO- C
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TABLE III

Reduction of Observations to Standard Temperature

41
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ENGLISH TABLE IV

Tabular Comparison of Wire Gages

Diameters in Mils
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TABLE V

Tabular Comparison of Wire Gages

Diameters in Millimeteis

43

METRIC
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ENGLISH TABLE VI

Complete Wire Table, Standard Annealed Copper.

American Wire Gage (B. & S. ). English Units

Gage
No.
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TABLE VI—Continued

45

ENGLISH

Complete Wire Table, Standard Annealed Copper—Continued

American Wire Gage (B. & S. ). English Units—Continued
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EKGLISH TABLE VI—Continued

Complete Wire Table, Standard Annealed Copper—Continued

American Wire Gage (B. & S.). English Units—Continued
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TABLE VI -Continued ENGLISH

Complete Wire Table, Standard Annealed Copper—Continued

American Wire Gage (B. AS.). English Units—Continued

Gage
No.
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TABLE VII

Complete Wire Table, Standard Annealed Copper

American Wire Gage (B. & S.). Metric Units

Gage
No.
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TABLE VII—Continued METRIC

Complete Wire Table, Standard Annealed Copper—Continued

American Wire Gage (B. & S.)- Metric Units—Continued

Gafe
No.
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METRIC TABLE VII—Continued

Complete Wire Table, Standard Annealed Copper—Continued

American Wire Gage ( B. & S. ) . Metric units—Continued

Gage
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TABLE VII—Continued

Complete Wire Table, Standard Annealed Copper—Continued

American Wire Gage (B. & S.) . Metric Units—Continued

51

HETBIC

Que
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ENGLISH TABLE VIII

Working Table, Standard Annealed Copper Wire

American Wire Gage (B. & S. ). Euglish Units
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TABLE IX

Working Table, Standard Annealed Copper Wire

American Wire Gage (B. & S.). Metric Units

53

METRIC
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TABLE X

Standard Annealed Copper Wire. (British) Standard Wire Gage
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TABLE XI

Standard Annealed Copper Wire, "Millimeter" Wire Gage

55
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ENGLISH TABLE XII

Bare Concentric -Lay Cables of Standard Annealed Copper

English Units

8171^ oi Cable
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TABLE XIII METEIC

Bare Concentric -Lay Cables of Standard Annealed Copper

Metric Units

Size of
Cable.
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ENGLISH TABLE XIV

Hard-Drawn Aluminum Wire at 20° C (or, 68° F)

English Units

American Wire Gage (B. & S.)
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TABLE XV

Hard-Drawn Aluminum Wire at 20° C

Meccic Units

American Wire Gage (B & S.)

59

METRIC

Ro



PART 3. APPENDIXES

APPENDIX I. THE EXPRESSION OF RESISTIVITY

The names which have been in use for the various units of resistivity

are frequently criticized. For example, "ohms per mil-foot" is unsatis-

factory because the hyphen between mil and foot suggests a product and

similarly " per " suggests a quotient. The name " ohms per meter-gram " is

likewise objectionable, for interpretation by the usual conventions would

lead to a false idea of the relations of resistance, mass, and length. Again,

"microhms per cm cube" is open to the same misinterpretation. It is

desirable to have names for these units which avoid this objection.

One way to select such names is to refer to the defining equations of

the units and express the relations thereof by the usual conventions. Thus

equations (i) and (2) below would give, for the units mentioned above,

"ohm-circular-mils per foot," "ohm-grams per meter per meter," and

"microhm-cm." These names (except the last) are certainly too

cumbersome.

To overcome the difficulties it seems necessary to avoid the use of

"per" and the hyphen in the names of the units of resistivity. There will

be no misinterpretation possible if, e. g., the following expressions are used:

"Resistance in ohms per foot of a uniform wire i mil in diameter," "resist-

ance in ohms of a uniform wire i meter long weighing a gram," "resistance

in microhms per centimeter of a bar i square centimeter in cxoss section."

These names are exactly descriptive, and it is desirable to .employ them
whenever a careful statement of units is in order (the second one, e. t,., is

used on pages 5 and 28 of this circular). But when the unit is repeated, it

is desirable to have a convenient abbreviated designation for it. We there-

fore use the following terms:

fohm (meter, gram).
For mass resistivity , , .,

[ohm (mile, pound).

ohm (mil, foot).

ohm (meter, mm)

.

ohm (meter, mm').

microhm-cm.

microhm-inch.
60

For volume resistivity*
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This set of abbreviated names is consistent in that each one states

expHcitly the units of the quantities employed in its definition. They are

so similar to the older names that they can readily be understood by anyone
familiar with the older expressions. "Resistivity" is definable quanti-

tatively in terms of the resistance of a unit specimen, and hence a numerical

value of resistivity is given by stating the number of ohms in such a unit

specimen. The units employed in defining the diflferent kinds of unit

specimens are given in the parentheses in the foregoing expressions. An
exception is to be noted in the case of the last two. These might be written,

consistently with the others, "microhm (cm) " and "microhm (inch) "; but
the expressions, "microhm-cm" and "microhm-inch," indicating a product,

are dimensionally correct and are already in use; and it is therefore con-

sidered advisable to use these.

The units of conductivity may be written in abbreviated forms similar

to the units of resistivity, e. g., -r— (meter, mm'). This method of writing

the units of resistivity and conductivity lends itself readily to the addition

of other units, without risk of inconsistencies.

Not only the names of the units but the meaning and relations of the

different units involved in the expression of resistivity are sometimes a

source of confusion. The "mass resistivity," in terms of which the standard

value for the resistivity of copper is expressed in this circular, is not familiar

to some engineers and scientists. Few textbooks even mention "mass
resistivity." Furthermore, some persons think that mass resistivity is

necessarily less desirable than "volume resistivity," which is ordinarily

defined as the resistance of a unit cube. An explanation and discussion of

"mass resistivity," therefore, appears necessary. The advantages of this

unit were appreciated a half century ago, for Lord Kelvin (Phil. Mag., 24,

p. 156; 1862) said, "it is much to be desired that the weight-measure, rather

than the diameter or the volume-measure, should be generally adopted for

accurately specifying the gage of wires used as electric conductors." Fur-

thermore, Matthiessen, in 1865, gave his results of resistivity measurements

of the metals in ohms (meter, gram) . The American Institute of Electrical

Engineers in 1893 defined the standard resistivity, from which their Copper

Wire Table was calculated, in terms of ohms (meter, gram). The British

Engineering Standards Committee define the standard resistivity of copper

in terms of the resistance in ohms of " a wire i meter long, weighing i gram."

In all these cases "mass resistivity" is used, and we see that it is a well-

established practice to express standard values of resistivity in tenns of
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ohms (meter, gram). This unit is, moreover, established in commercial

practice, at least for copper, as a number of the large electrical companies

and copper-wire manufacturers in the United States, besides technical

societies, express the resistivities of wires in terms of it. Those who employ

English units exclusively use ohms (mile, pound) , sometimes called " pounds

per mile-ohm". This is exactly the equivalent of ohms (meter, gram),

either unit being an expression of mass resistivity, which is defined

quantitatively as the product of resistance per unit length and mass per

unit length.

From the standpoint of the engineer and the user of conductors, espe-

cially line wires, the quantities directly concerned are the ohms, mass, and

length, rather than the ohms, cross section, and length; and the former are

the quantities actually measured in the usual commercial and engineering

tests of copper. The measurement of cross section or density is compara-

tively rare, and should be so, since the mass can be more easily and accu-

rately measured. Letting /? = resistance, m = mass, / = length, 5-== cross

section, £i = density, 5 = mass resistivity, ^ = volume resistivity, we have

' =11 (^^

Therefore the value directly obtained from the measured quantities is d.

To obtain p, we have
Rs i/R m\ d ,

,

P^T^dKj- l)^d ^'^

A density must be used, in addition to the usually measured quantities, to

give p. If instead of the actual density of the sample, which is usually

unknown, a standard density do is used, then we obtain a fictitious p,

po = :r (3)
'd

If a value is taken for S as standard, then samples may be compared with

the standard directly; but if some value of p is taken as standard, the inter-

mediary quantity, density, must be specified. Thus, from the practical

standpoint, the mass resistivity combines two variables in one, viz, the

volume resistivity and the density. To the purchaser of copper for

conducting purposes it is equally desirable to have either the conductance

I per cent greater or the mass i per cent less, and it is evident that either

variation would affect the mass resistivity equally.

Since conductors are usually sold by weight, the relative commercial

value to users of conductors of the same or even of different metals is given
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simply by multiplying the cost per unit mass by the mass resistivity. This

statement of relative commercial value neglects differences in insulation,

differences of stranding of cables, economy of space, etc. The reasons why
the mass resistivity is preferable to the volume resistivity may be

summarized as follows

:

1. The measurement of either cross section or density in many cases

is difficult and inaccurate.

2. The direct measurement of cross section is practically impossible

for irregular shapes of cross section.

3. Conductors are sold by weight rather than by volume, and there-

fore the information of value to most users is given directly by the mass
resistivity.

Possibly one reason why the volume resistivity is still exclusively used

by some people is the ease of defining it in terms of a unit cube. Such
persons usually believe that their preference of volume resistivity over

mass resistivity is due to the former's being more "scientific," whereasthe

real reason that they prefer it is because the mental picture of a unit cube

is easy to retain. It is probable, however, that the worst thing about the

unit of volume resistivity is the mental picture of a unit cube which
accompanies it. From experience with students' examination papers college

instructors soon learn that this conception too frequently leads to the gross

error of thinking of resistance as proportional to volume. Indeed, practical

men often use the expression "ohms per cubic centimeter. " The "resist-

ance of a unit cube" is not a practical case; wires are the usual articles

whose resistance is desired to be known, and a form of expression of vol-

ume resistivity, which fits the case better, has been devised and is in

extensive use. This form of expression is the " ohms (meter, mm) " or " ohms
(mil, foot) " in which the greater dimension is the length of the wire and the

smaller is the diameter. In these definitions we have the mental picture

of a wire of a certain length and a certain diameter. When we speak of

"ohms (meter, gram)" we similarly have the conception of a conductor

of a certain length and a certain mass per unit length. There should be

no greater difficulty about the second conception than about the first,

especially since the mass per unit length can be actually determined with

greater ease and accuracy than the mean diameter. The quantitative

definitions of mass resistivity and volume resistivity can be made exactly

synmietrical, thus: "Mass resistivity "= product of resistance per unit

length into mass per unit length, and "volume resistivity " = product of

resistance per unit length into volume per unit length.
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It is to be noticed that the term "specific resistance" has not been

used at all in this discussion. "Specific resistance" has been very exten-

sively used in the past for the volume resistivity. The term was, however,

noL well chosen, and seems to be tending to go out of use and give way to

"resistivity." "Specific resistance" is considered to be an unfortunately

chosen name to express the resistance of a unit quantity because similar

names, e. g., specific heat, specific gravity, specific inductive capacity, refer

primarily, not to the property of a unit quantity of the substance, but to the

ratio of the property of the particular substance to the same property of a

standard substance. Another pedagogical stumbling block is found herein,

for students are sometimes found defining "specific resistance" as the ratio

of the resistance of some quantity of a metal to the resistance of the same
quantity of copper. The term "resistivity " is a better na me than " specific

resistance," just as "conductivity" is a better term than "specific con-

ductance" would be. "Specific resistance" has probably not been much
used to express the resistance of a unit mass.

There is no k priori reason why " resistivity " could not refer to the unit

mass, as some people profess to believe; and this term has not been limited

to the idea of the unit cube or unit cross section, historically. For example,

as mentioned above, in the old A. I. E. E. Copper Wire Table, the standard

"resistivity" was given in terms of ohms (meter, gram). "Resistivity" is

simply the property of a substance, and in forming its quantitative definition

we are at liberty to choose any of the units of length, mass, and time, and the

international electrical units, combined in those relations which experiment

has shown to be correct. Since there are two common modes of defining

resistivity, using the unit mass and the unit cube, it is desirable in any

case where confusion might arise, to indicate which is meant by using

the precise expressions " mass resistivity " and " volume resistivity. " These

expressions are used in Alexander Russell's Theory of Electric Cables and

Networks," 1908. It may be worth remarking that no definition of resis-

tivity is admissible which involves something not a property of the material

itself. For example, we can not speak of a "cost resistivity" since a unit

whose value depends on business conditions can not be considered a physical

expression of the properties of unit quantity of a substance.

In the expression of "percent conductivity" there is a similar necessity

for distinguishing between the definitions in terms of the unit mass and the

unit cube. The term "percent conductivity" is extensively used in the

copper industry, and on account of its convenience will probably continue

in use. (See first sentence in section (d) on p. 12.) Of course the percent
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conductivity can be calculated from either the mass resistivity or the vol-

ume resistivity, and if the density of the sample is different from the standard

density these two percent conductivities will not agree. Accordingly, the

use of " percent conductivity " shoiUd be limited to copper; unless it is very

carefully indicated whethef it was calculated from the mass resistivity or

the volume resistivity by the use of the terms " mass percent conductivity,"

or "volume percent conductivity." A striking example of the difference

between the two percent conductivities in the case of a metal of different

density from that of copper is furnished by aluminum. Thus, the "mass
percent conductivity " of average commercial hard-drawn aluminum is about

200 per cent, while the " volume percent conductivity " is about 61 per cent.

The general conclusion may be drawn from the foregoing that it is always

desirable to state conductivity or resistivity directly in terms of the mass

resistivity at a standard temperature rather than in terms of percent

conductivity.

To sum up, this discussion has tried to make the following points clear;

(i) That the older names for the units of resistivity are objectionable;

(2) that from a practical standpoint the mass resistivity is preferable to

the volume resistivity
; (3) that the advantage of a mental picture to aid

in defining volume resistivity is no less available in defining mass resistivity

;

(4) that "specific resistance" is an undesirable term; (5) that the term

"resistivity " is susceptible of a certain breadth of definition; (6) that there

are limitations to the proper use of "percent conductivity."

APPENDIX II. CALCULATION OF THE " RESISTIVITY-TEMPERATURE
CONSTANT

"

The temperature coefficient of resistance, as measured between potential

terminals rigidly attached to the wire, expresses the change of resistance

for a constant mass. The change of resistivity per degree involves a change

of dimensions as well as this change of resistance, and hence the coefficient

of expansion 7 of copper must be considered as well as the temperature

coefficient of resistance a. The " mass resistivity " d depends on the mass m,

the resistance R, and the length /, as follows:

* mR

S, = mRjoJi + ajt - 20])

/i(i+7[<-2o])^

= S^(i +[«» — 27] [< — 20]), (since 7 is very small).

548871 O - 43 5
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For loo percent conductivity, using ohms (meter, gram)

S,=o.i5328 (i +[0.003 930-0.000 034] [t-20])

= 0.15328 + (0.15 328) (0.003896) it-26)

=0.15328+0.000 597 (^ — 20)

This "resistivity-temperature constant," 0.000 597, is readily seen to be

independent of the temperature of reference. It also holds for copper

samples of all conductivities (in the range investigated), since, if we let

the subscripts X and N denote samples of unknown and of standard con-

ductivity, respectively,

0!X ^If t t— = f-, or axox = o'jfw = o.ooo 597.
aiif Ox

Similarly the calculation may be made for the "volume resistivity" p,

which involves the cross-section s:

Rs

_ J?io.f;o (i+a^o [t-20]) (1+27 [t-2o\)
^'

ho (1+7 [t-20])

=^20 (i +['''20+7] [^-20]), (since 7 is very small).

For 100 percent conductivity, using microhm-cms,

/>/ = !. 7241 (i +[0.003 930 + 0.000 017] [i-20])

= 1.7241 +(1.7241) (0.003947) (/-20)

= 1.7241 + 0.006 8 1 (,t-2o)

This "resistivity-temperature constant," 0.006 81, similarly holds for any
temperature of reference and any conductivity.

This effect of thermal expansion in the expression of the temperature

coefficient is treated on pp. 93 to 96 of Bulletin of the Bureau of Standards,

Vol. 7, No. I, in the paper on "The Temperature Coefficient of Resistance

of Copper." Thus, the explanation given herewith is contained in the two
formulas:

a) = aB- 27 (35)

a, = aR+y (32)

The relations of these temperature coefficients to that obtained when the

measurements are made between knife-edges are given in formulas (38),

(39) , and (40) of the same paper. Although the effect of thermal expansion

is small, it was considered desirable to take account of it, since these con-

stants will be used in reducing the results of resistivity measurements from
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one temperature to another, and troublesome inconsistencies would- other-

wise arise. It must be carefully noted that the constants here given are

different from those in the paper just referred to, owing to the different

value of resistivity, and consequently of temperature coefficient, taken as

corresponding to 100 per cent conductivity.

Attention is called to the great convenience of the "resistivity-tempera-

ture constant " in computing the temperature coefficient, at, at any tempera-

ture t for any sample of copper whose resistivity is known at the temperature

t. Thus, at—-—c . The «< thus obtained, however, is the a, of
Of

formula (35) above, viz, the "temperature coefficient of mass resistivity."

To obtain the more frequently used "constant mass temperature coefficient of

resistance," (that obtained by resistance measurements between jxitentia

terminals rigidly attached to the wire) , we have

0.000 597-f-o.ooo 005

'""ohms (meter, gram) at t° C

At _ 0006 81 -0.000 3
^^' "'

~
microhm-cms at t°"C

Alcn «-
341 +003

Also,
««-ohms (mile, pound) at t° C

., 0.00268-0.00001
Also, at = -

' microhm-inches at t° C

.. _ 0.0409—0.0002
^^°' '^'"ohms (mil, foot) at t° C

These formulas furnish a very convenient connection between the "resistivity-

temperature constant" and the temperature coefficient of resistance.

APPENDIX m. THE DENSITY OF COPPER

As stated above, in Appendix I, the quantities measured in the usual

engineering or commercial tests of resistivity of copper are resistance, mass,

and length. The constant of the material which is actually measured is

therefore the mass resistivity. When it is desired to calculate the resistance

of a wire from its dimensions, it is necessary to know the density in addition

to the mass resisti\'ity. The density of copper is usually considered to

vary so little from sample to sample that the volume resistivity can be

calculated for a sample by the use of a standard value for the density. The

density is the connecting link between mass resistivity and volume resistivity.
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the former being proportional to the product of the latter into the density.

It is the purpose of this Appendix to present some data on the density of

copper used for conductors, obtained at the Bureau of Standards in connec-

tion with the investigations of the temperature coefficient and the con-

ductivity of copper. The average value from all the data is the figure

which has been most frequently used in the past as a standard value, viz,

8.89 (at 20° C). The same value was adopted by the International Elec-

trotechnical Commission in 191 3 as a standard density. The data may be

conveniently divided into three parts.

First, the density has been determined on a number of the wire samples

submitted to the Bureau of Standards for ordinary conductivity tests by
various companies. During the three years, 1908-1910, the density of

36 such samples was determined. These samples had been submitted by

seven companies, as follows: Three smelters, three electrolytic refiners, one

user of copper, who bought his material from various copper companies.

The number of samples and the mean density, for each of these companies,

is shown in the following table:

Number of samples
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L. Heath, of the Calumet and Hecla Smelting Works, on 18 samples of

copper, a number of which were included in the Bureau of Standards inves-

tigation. The results, for the foiar companies, are summarized in the fol-

lowing table

:

Number of samples
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Or, if we consider the Calumet and Hecla measurements and the other meas-

urements of the second group as independent means, and again use the

Reichsanstalt value for only the samples whose conductivity exceeded 94

per cent, we have:

B. S. tests 8. 887

B. S. investigation 8. 892

Calumet and Hecla 8. 899

Reichsanstalt 8. 881

Final average 8. 890

For any reasonable method of calculating the final average, we find that,

to three figures, the value is

8.89.

In justification of the assumption made in engineering practice that the

variations of the density of particular samples of copper from the standard

mean value do not exceed the limits of commercial acciu^acy, the data on

the samples discussed in the foregoing show that the density is usually

between 8.87 and 8.91, that in a few cases it varies as far as 8.85 and 8.93,

and that in extreme cases it can vary to 8.83 and 8.94. We are here referring

to copper of conductivity greater than 94 per cent.

The question sometimes arises whether there is any difference in the

density of annealed and of hard-drawn copper. That there is no appreciable

difference was shown by experiments made by Mr. Heath on the 18 wires

mentioned above, which were of 80 mils and 104 mils diameter (No. 10 and

No 12 A. W. G.). The mean density of 8 annealed samples was 8.899.

The mean density of 10 hard-drawn samples from the same coils was 8.898.

After these hard-drawn samples were annealed their mean density was

8.900. The very small differences between these three means are too small

to be considered significant. The densities of all the 18 samples varied

from 8.878 to 8.916.

Finally, it is desired to point out that confusion sometimes arises

over the different ways of specifying density and "specific gravity." For

instance, this has led to a criticism of the value, 8.89 for density, as being

too low a figtire. The critic, however, had in mind the " specific gravity

referred to water as 20° C." Density, defined as the number of grams per

cubic centimeter, is identically equal to "specific gravity referred to water

at its maximum density." A "specific gravity referred to water at 20° C"
of 8.91 is equal to a density, or "specific gravity referred to water at its

maximum density," of 8.8946. It is apparent that the term "specific

gravity " is not definite unless it be stated to what temperature of water it
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is referred. Since varying interpretations can not be given the term density,

this is the preferable term. Of course, since a metal expands as its tem-

perature rises, its density decreases. Thus, if the density of copper is

8.89 at 20° C, it is 8.90 at 0° C. Consequently, when we state either a

density or a specific gravity, the temperature of the substance whose density

we are giving should be specified.

To sum up this discussion, the density of copper has been found to be

8.89 at 20° C.

APPENDIX IV. CALCULATION OF THE RESISTANCE AND MASS
PER UNIT LENGTH OF CABLES

In the first place, it is proposed to show that the per cent increase of

resistance of a cable with all the wires perfectly insulated from one another

over the resistance of the "equivalent solid rod" is exactly equal to the

per cent decrease of resistance of a cable in which each wire makes perfect

contact with a neighboring wire at all points of its surface. That is, if

i?, = resistance of a solid wire or rod of the same length and of cross

section equal to the total cross section of the cable (taking the cross section

of each wire perpendicular to the axis of the wire)

,

i?, = resistance of a cable with the individual wires perfectly insulated

from one another,

/?j = resistance of a hypothetical cable with the wires distorted into

such shape that they make perfect contact at all points of their surfaces

(the layers all being twisted in the same direction)

,

theni?, = ^^i^'
2

Ri>Rs, because on account of the stranding the path of the cur-

rent is longer than it would be if parallel to the axis of the cable. RjKR,,
because the path of the current is in this case parallel to the axis of the

cable, which path has a greater cross section than the sum of the cross

sections of each wire taken perpendicular to the axis of the wire

.-. R,>Rs>R2

In showing that R, is just halfway between R^ and R^, we use the

symbols

:

p = volume resistivity

/ = length along axis of cable; or length of "equivalent solid rod"

s = total cross section of the wires of the cable, taken perpendicular to

axis of wire; or cross section of " equivalent soUd rod
"
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^l = increase of length of wire due to twisting

^f = increase of cross section perpendicular to axis of cable due to

twisting

We have

:

Rr
S

pi

(0

(2)

S + ^S ^^

The following diagram shows a side view of one wire of a cable.

In the diagram only one dimension of the cross section, s, is shown; the

dimension perpendicular to this is unchanged by the twisting, and hence

s is proportional to the dimension shown.

By similar triangles,

Fig. 3

s I

s + ^s

From (2).

--1 • ^^-—P ), smce
-J-

is small.

.:R, + R,
2pl

From (i) and (7),

R _ ^l+-^2

(4)

(5)

(6)

(7)

Q. E. D.

I
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The resistance of an actual cable must be between /?, and i?„ if the

stranding operations do not change the resistivity. Although the case

represented by i?, is highly hypothetical, still the effect of contact between

the wires is not zero. This is shown by the fact that the resistance of

cables increases with age, which may be considered to be due to contami-

nation of the wire surfaces. Hence the resistance of a cable is somewhat
less than R^. Manufacturers agree, however, that it is much nearer /?i than

Rs, and it is ordinarily taken as equal to i?,. By equations (i) and (6)

,

Rj-Rs ^l
R. ~ I

The resistance of a cable is therefore taken to be greater than R, by a frac-

^l
tional amount equal to —j-. The mass of a cable is greater than the mass

of the "equivalent solid rod" by a fractional amount exactly equal to
—f-

This is readily seen, and may be considered to be due eithfer to increase of

length or to increase of cross section. There is no appreciable change of

density in stranding. The increment of resistance and of mass is taken to

be 2 per cent in calculating the tables of this circular. This involves the

assumption of a definite value for the "lay" or pitch. The method of

computing this fraction from the " lay " of the cable is given herewith. Let

d = diameter of the helical path of one wire.

Z- = length along axis of cable for one complete revolution of wire

about axis.

n = J- = number of times the diameter d is contained in the lengtii L,

d I
" Lay = r = = ratio of the diameter d to the length L.

The lay is usually expressed as - or "
1 in n"; thus we may speak of a lay

of 1/20, or I in 20.

Consider a wire of length (L + JL) , developed in a plane containing

the axis of the cable, of length L. The developed wire and the axis make
with each other the angle 6, in the figure. The third side of the triangle

equals in length the circumference of the heUcal path of the wire.
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Fig. 4

tan 6-
rd IT

n

L + JL = sec ^ = Vi+tan'5

V=^ I+-

1 +
2\n^J S\n'J

+

All terms of higher order than the first are negligible for the piirpose in

hand; hence the correction factor to obtain resistance or mass per imit

length of a cable from that of the "equivalent solid rod" is

(-4')=(-x)=-KS)
This correction factor must be computed separately for each layer of

strands when the lay is different for different layers of the cable. If L
is the same for each layer of the cable, the lay varies because of the change

of d. It should not be forgotten that the central wire is imtwisted.

The lay corresponding to a correction of 2 per cent is calculated tnus:

-^--K"^')
n = i5-7

This means that the values given in Tables XII and XIII for resistance and

mass per unit length correspond to cables having a lay of i in 15.7. If the

lay is known and is different from i in 15.7, resistance or mass may be cal-

culated by multiplying the values in Tables XII and XIII by

\ n' ')%

For example, if the lay is i in 12, resistance or mass may be obtained by
adding 1 .4 per cent to the values in the tables. If the lay is i in 30, resist-

ance or mass may be obtained by subtracting 1.5 per cent from the values

in the tables.
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APPENDIX V. PUBLICATION 28 OF INTERNATIONAL ELECTROTECH-
NICAL COMMISSION, "INTERNATIONAL STANDARD OF RESIST-
ANCE FOR COPPER"

PREFACE

The electrical industry has repeatedly felt the need of a resistance standard for copper. Until
quite recently there has been a lack of uniformity in the values adopted in the different countries

as the standard for annealed copper, arising in the main from the varying interpretation of Mat-
thiessen 's original work for the British Association Electrical Standards Committee in 1864 on which
ultimately the various values were based. Although the differences have not been very gr^i.c

they have been sufficiently large to prevent the various national tables for copper wire? oeing
entirely comparable.

The idea of adopting an international standard for copper was first suggested at the Chicago
Congress of 1893, but the proposal unfortunately fell to the ground. During 1911, however, on the

initiative of the American Institute of Electrical Engineers, the Bureau of Standards, of Washing-
ton, undertook certain experimental work, the results of which are published in the Bulletin of

the Bureau for 1911, Volume 7, No. i.'^ On the conclusion of this experimental work the inter-

national aspect of the matter was considered by the various national laboratories.

The National Committee of the United States of America also brought the subject to the

notice of the I. E. C, and in May, 1912, certain definite propositions, based on the experiments

carried out by the different national laboratories, were considered by a special committee of the

I. E. C. then sitting in Paris. These propositions were subsequently circulated to the various

national committees of the I. E. C, and at Zurich, in January, 1913, they were agreed to in

principle; Dr. R. T. Glazebrook, C. B. (Director of the National Physical Laboratory' of London),

and Prof. Paul Janet (Director of the Laboratoire central d'Electricite of Paris) kindly undertaking

to prepare the final wording of the different clauses in consultation with the Bureau of Standards,

of Washington, and the Physikalisch-Technische Reichsanstalt, of Berlin.

At the plenary meeting of the I. E. C. held in Berlin in September, 1913, at which 24 nations

were represented, the final recommendations, which were presented in person by Prof. Dr. E. War-

burg (President of the Physikalisch-Technische Reichsanstalt of Berlin) were ratified as given in

this report.

London, March, 1914.

I. STANDARD ANNEALED COPPER

The following shall be taken as normal values for standard annealed copper:

1. At a temperature of 20° C the resistance of a wire of standard annealed copper i meter in

length and of a uniform section of i square millimeter is 1/58 ohm=o.oi724i . . . ohm.
2. At a temperature of 20" C the density of standard annealed copper is 8.89 grams per cubic

centimeter.

3. At a temperature of 20° C the "constant mass" temperature coefficient of resistance of

standard annealed copper, measured between two potential points rigidly fixed to the wire, is

0.00393=1/254.45 . . . per degree centigrade.

4. As a consequence, it follows from (i) and (2) that at a temperature of 20° C the resistance

of a wire of standard annealed copper of uniform section i meter in length and weighing i gram is

(i/s8)X8 8.9=0.15328 . . . ohm.

•*
J. H. Dellinger, " Temperature coefficient of the resistance of copper;"

F. A. Wolff and J. H. Dellinser, "Electrical conductivity of commercial copper."
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n. COMMERCIAL COPPER

1. The conductivity of commercial amiealed copper shall be expressed as a percentage, at

30° C, of that of standard annealed copper and given to approximately o.i per cent.

2. The conductivity of commercial annealed copper is to be calculated on the following

assumptions:

(a) The temperature at which measurements are to be made shall not differ from 20° C by more

than ± 10° C.

(6) The resistance of a wire of commercial copper i meter in length i square millimeter in

section increases by 0.000068 ohm per degree centigrade.

(c) The resistance of a wire of commercial copper i meter in length and i gram in mass increases

by 0.00060 ohm per degree centigrade.

(d) The density of commercial annealed copper at 20° C is 8.8g grams per cubic centimeter.

This value of the density should be employed in calculations relating to the conductivity of

commercial annealed copper.

From these assumptions it follows that if at a temperature of t" C, R be the resistance in ohms,

of a wire "/" meters in length weighing "m" grams, the resistance of a wire of the same copper

I meter in length and i square millimeter in section is:

Rml{PXS&9) at <° C;

and i?»n/(/'X8.89)+ooooo68 (20- <) at 20° C.

The percentage of conductivity of this copper is therefore

-x^;;^

—

PXSl^+°°°°°^^
(20-/)

And, similarly, the resistance of a wire of the same copper i meter inleqgth weighing i gram is:

RmlP at <°C;

and /?»n/P+o.ooo6o (20- at 20° C.

The percentage conductivity is therefore

^^v 015328
Rm
„ +0.00060 (20— /)

Note I.—The standard values given above under (I) are the mean values resulting from a large

number of tests. Amongst various specimens of copper of standard conductivity the density may
differ from the standard by 0.5 per cent and the temperature coefficient of resistance may differ

from the standard by i per cent; but within the limits indicated in (II) these differences will not

affect the values of the resistance so long as the calculations are only carried to four significant

figures.

Note II.—The above statements are consistent with the following physical constants of

standard annealed copper:

Density at o°C 8.90

Coefficient of linear expansion per degree centigrade o. 000017

Resistivity at 0° C, in microhm-centimeters i. 588,

Coefficient, at 0° C, of variation of volume resistivity per degree

centigrade o. 004282

Coefficient, at 0° C, of variation of resistance at constant mass o. 00426^= 1/234. 45 • •

J"
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